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Abstract 
Miscible gas injection is an important EOR process, probably one of the most important for light oil recovery. 
Displacement of oil, by miscible gas injection is likely to cause gravity segregation and viscous fingering of the lighter more 
mobile solvent, due to the differences in density and viscosity between the gas and the oil. This makes it difficult to produce 
accurate predictions of breakthrough time and oil recovery for any field scale miscible gas injection project.  
In the past, studies have been made on two-dimensional (2D) flow models, to investigate the flow behaviour exhibited by 
miscible displacements over a range of viscous-to-gravity ratios (Rv/g). The studies have shown repeatedly, that flow behaviour 
can be characterised by a transition between gravity-override and fingering as a function of Rv/g (solvent injection rate). The 
implication of the viscous-to-gravity ratio is that similar values of Rv/g should yield similar recoveries. However, the 2D model 
does not take into consideration crucial aspects of flow behaviour seen in three-dimensional (3D) flow, which significantly 
alters predictions of oil recovery and solvent breakthrough. 
This study investigates flow behaviour in both 2D and 3D flow models, by simulating miscible displacements over a range 
of viscous-to-gravity ratios. This was done by creating numerical models in 2D and 3D, representing a line drive sector model. 
Also, the impact of mobility ratio on oil recovery was investigated by conducting a series of simulations on the 2D model.   
The results demonstrate that, prior concepts, based primarily on 2D experimental results, cannot be used to predict flow 
behaviour in 3D flow models. The extra dimension in the 3D model favours gravity segregation, which is the cause of an 
earlier solvent breakthrough.  Furthermore, the results showed that the dimensionless viscous-to-gravity ratio can be used as a 
predictor of flow behaviour for both 2D and 3D models. This is only true when both models are treated separately and 
independently of each other when defining flow regimes for a particular viscous-to-gravity ratio. 
 
Introduction 
In most reservoirs, an improvement in oil recovery can be achieved by the successful implementation of an enhanced oil 
recovery scheme. Enhanced oil recovery techniques are those processes which utilize the injection of fluids into the reservoir 
in order to maintain reservoir pressure and improve oil displacement. Miscible gas injection is currently one of the most-
commonly used approaches in enhanced oil recovery. In a miscible gas flood, the displacing fluid is miscible in the reservoir 
oil, so there will be zero inter-facial force between the oil and solvent, which means that the theoretical residual oil saturation 
will be zero (Asgarpour 1994) During a miscible gas flood, viscous fingering or gravity segregation of the lighter more mobile 
solvent is likely to occur, due to the differences in density and viscosity between the solvent and the displaced oil. It is these 
flow behaviours that make it difficult to predict the performance of a particular gas injection scheme. For any field-scale 
miscible gas injection project it is important to have accurate predictions of solvent breakthrough time and sweep efficiency 
(Christie et al. 1990).  
Miscible displacement in 2-D flow models are thoroughly discussed in the literature. The experiments performed by 
Christie et al. (1990) provide data on unstable miscible displacements, in a thin, horizontal bead pack representing a 
homogeneous vertical cross-section. They investigated the transition from gravity-dominated to viscous-dominated flow in a 
linear displacement. Peaceman and Rachford (1962) investigated viscous fingering by numerical simulation on a 40 × 20 (2D) 
grid. These studies were later extended by other work to produce results on fingering influenced by gravity (Dumoré 1964; van 
der Poel 1962; Crane et al. 1963). Habermann and Lacey investigated fingering in a quarter five-spot injection scheme 
(Habermann 1960; Lacey et al. 1961).    
Little research has been made into the study of miscible displacements in 3D flow models. In 2D flow models, fluid flow is 
restricted in the direction perpendicular to bulk flow (y-direction); this restriction causes a difference in flow behaviour when 
compared to miscible displacements in 3D flow models. van der Poel (1962) investigated unstable miscible displacements in a 
3D model, using a bead pack of dimensions 80cm × 4.8cm × 1.8cm. Fig. 1 shows the comparison of van der Poel’s 
experimental results, with those obtained by high-resolution simulations reported by Fayers and Newley (1988). The 
simulation significantly under predicts the rate at which the flow behaviour switches from gravity-dominated to viscous-
dominated flows (Christie et al. 1990). The differences in the experimental and numerical results could possibly be a result of 
using a 2D code to model a 3D experiment. Withjack and Akervoll (1988) conducted 3D miscible displacement experiments in 
a five-spot model.  
The purpose of this work is to report a detailed comparison between simulations of unstable miscible displacements in 2D 
[Investigations into Line Drive Miscible Displacements for Enhanced Oil Recovery] 2 
 
and 3D flow models. Simulations will be carried out using a simple homogeneous model.  The aim is to compare simulated 
results over a range of viscous-to-gravity ratios to capture the transition from gravity-dominated to viscous-dominated flow 
behaviour. The simulations will be assessed and interpreted to understand the differences observed in 2D and 3D models. 
Additionally, the impact of mobility ratio on oil recovery will be investigate through simulations using the 2D flow model. 
Also, as a part of this study a 3D bead pack with dimensions of 30cm × 6cm × 6 cm, will be designed to use for 3D miscible 
displacement experiments in the future.   
 
Figure 1: Effect of flow rate on oil recovery for van der Poel's experiments (M=7.9). 
Flow Characterisation – The Viscous-to-Gravity Ratio 
The viscous-to-gravity ratio, which is a dimensionless number, has been used in the literature to effectively assess the flow 
regime in 2D flow models. The expression for the viscous-to-gravity ratio used in this work is taken from Christie et al. (1990) 
and is define as: 
 
Rv/g =
∆μ𝑣
∆ρgk
H
L
…………………..(1)  
                                 
where ∆μ is the viscosity difference between the displaced oil and displacing solvent, v is the superficial injection velocity, ∆ρ 
is the density difference between the displaced oil and displacing solvent, g is the acceleration due to gravity, k is the absolute 
permeability, H is the total model height and L is the total model length. The viscous-to-gravity number gives an indication of 
the flow behaviour of a particular system. A viscous-to-gravity ratio above 1, generally indicates a flow behaviour which is 
viscous-dominated, whereas a viscous-to-gravity ratio below 1 is either in transition or gravity-dominated flows. 
 
Experimental Methods and Materials 
A three-dimensional (3D) visual model was designed and constructed to study fluid flow in homogeneous media. Well-defined 
fluid systems have been varied to investigate the effects of viscous and gravity differences on fluid behaviour.   
 
Design and Construction 
A sealed, three-dimensional, rectangular shaped Perspex box with internal dimensions of 30cm × 6cm × 6cm (Fig. 2) was 
designed and constructed to perform miscible displacements in porous media. Sheets of Perspex glass, each 2cm in thickness 
were ordered from ‘The Plastic Shop’ and were used to construct the model. The thickness of the pack (6cm) was chosen so 
that it was large enough to capture the effects of flow in all three-dimensions, but kept minimal to allow for the beads to be 
packed as uniformly as possible. The bead pack consists of a main body, connected to an assembly of flanges on either side. 
The flanges hold the components which allow the uniform distribution of injected and produced fluids, thus preventing 
preferential flow channels from forming and distorting the experimental results. Additionally, the flanges hold the fine (150 
μm aperture size) meshes which serves to keep the glass beads in place. All flanges are removable which allows for easy 
packing and removal of the beads. The inlet and outlet ports are arranged in a manner which resembles a reservoir undergoing 
a line-drive injection scheme.  
The Perspex box was packed with grade 9 (300-400μm diameter) Ballotini glass beads by following the method described 
by Alkindi et al. (2010). During the packing of the model, the injector side flanges were connected to the main body of the 
pack, while the pack was kept in a vertical orientation on a wooden stand. With the open (producer) side facing upwards the 
glass beads were poured into the pack through a sieve (500 μm aperture size) connected to a funnel which directed the flow of 
beads into the model. The mesh was held 20cm above the model, while the tip of the funnel was kept flush with the opening of 
the box. This ensured a compact and uniform packing was achieved. While packing, a rubber mallet was used to jolt the model 
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at regular intervals, helping to maximize compaction of the beads. The open edge was then sealed by connecting the producer 
side flanges to the main body. The pack was then shaken for a minute to maximize packing density. If a significant amount of 
beads had settled the producer side flanges were removed and more beads were added to completely fill the box before 
resealing. 
 
 
 
 
 
Figure 2: Schematic of experimental design showing A) side elevation and B) exploded view, vertical cross-section. 
 
 
Dye Systems 
The glycerol-water mixtures were dyed to allow for visual observation of the displacement. The mixture was dyed with 
0.03g/400cm
3
 of Lissamine green (C27H25N2NaO7S2) as performed by Al-Hadhrami et al. (2014). The chosen dye in the 
amount prescribed is an excellent tracer for viewing the flow behaviour photographically, unlike Methylene blue and Carbolan 
green G135, which have shown to adsorb onto the surfaces of the glass beads (Wheat 1984). During the experiments 
conducted by Alkindi et al. (2010), bleaching of the methylene blue solvent by glycerol was experienced.  
 
Pack Properties and Experimental Conditions 
All flow experiments were designed to be performed under atmospheric conditions (20°C and 1atm). Pack properties were 
measured experimentally and are listed in table 1. To measure the porosity, the model was held in a vertical orientation by 
placing it on a wooden stand. With the injector facing downwards, a reservoir of water (dyed with 0.03g/400cm
3
 of Lissamine 
green) was placed on a balance, and injected into the model at a flow rate of 1cm
3
/min. The readings of mass were recorded at 
the point where the dyed fluid first contacted the glass beads, and a second reading was taken once the dyed water front had 
reached the end of the pack. The differences in the two mass readings gave the measured value for the pore volume of the 
model. The permeability of the pack was measured using a differential pressure transducer. This has an accuracy of ±0.2psi. 
One transducer port was connected to the inlet, while another was attached to the outlet. These were connected by extending 
the existing tubing with the addition of tee junctions. In this arrangement, the transducers measured the absolute pressure at the 
inlet and outlet ports. Darcy’s law was used to calculate the absolute permeability of the model, from the observed pressure 
difference across the pack, while water was injected at different flow rates. The range of permeabilities calculated at different 
flow rates are shown in table 2. 
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Table 1: Summary of pack properties. 
Property Value 
Average Absolute Permeability (× 10
-12
 m
2
) 41.3 ± 4 
Porosity (fraction) 0.378 ± 0.005 
Total Volume (cm
3
) 1080 ± 3 
Pore Volume (cm
3
) 408.24 ± 2 
 
Table 2: Experimentally calculated absolute permeabilities. 
Water Flow Rate (cm
3
/min) Absolute Permeability (× 10
-12
 m
2
) 
200 38.7 ± 4 
250 39.6 ± 4 
300 45.6 ± 4 
 
Fluid Properties 
Water and glycerol-water mixtures were used as the miscible fluids for the displacement studies. These fluids systems are 
analogous to gas injection processes and were chosen because: 
1. Water is miscible in glycerol, and their properties are representative of real fluids used in miscible gas injection. 
2. The viscosity and density difference between water and the glycerol-water mixture could easily be altered to 
investigate the effects of altering mobility and viscous-to-gravity ratio. This also meant that the properties between 
the two fluids could be fixed such that, it represents the properties experienced in a typical gas injection project. 
3. Water and glycerol are relatively cheap and are easy to work with, as they pose no safety hazard, when used in the 
correct manner.    
In particular, these fluids were chosen as their properties could be easily defined, to be used as input for the simulator. A 
measured amount of water was mixed into a known amount of glycerol to achieve the mobility ratios required for the flow 
studies (table 3), the amounts were determined from by using Cheng’s (2008) correlation. The mobility ratio is defined as 
follows: 
𝑀 = 𝜇𝑜 𝜇𝑤⁄ ……………………….(2)  
The properties of the water and water-glycerol systems are shown in table 3. 
 
Table 3: Properties of the fluid systems used for the flow studies. 
Fluid Density(kg/m
3
) Viscosity(Pa·s) Density Difference (kg/m
3
) [∆𝛒 = 𝛒𝐨 − 𝛒𝐰𝐚𝐭𝐞𝐫] 
Water 998 0.001 - 
Pure Glycerol 1264 1.414 226 
Water-Glycerol (M=5) 1122 0.005 124 
Water-Glycerol (M=10) 1154 0.010 156 
Water-Glycerol (M=20) 1180 0.020 182 
 ‡Cheng (2008) 
 
Experimental Procedure 
The initial step before starting any experiment was to flush out the air within the pack. To do this, CO2 was injected 
through the model while mounted vertically on a wooden stand. With the producer side facing downwards, CO2 was entered 
through the outlet at a pressure of 15,000 Pa for 15 minutes. This procedure helped to reduce the entrapment of gas bubbles 
during the charging of fluids (as CO2 dissolves in solution). The CO2 filled system was then saturated with the glycerol-water 
mixture by injection through the outlet port. The mixture was injected into the pack, using a dual-head peristaltic pump, at 
flow rate of 1cm
3
/min. The outlet valve was turned off as soon as the mixture had (visibly) reached the end of the pack. Water 
was then injected through the opposite end using a 10 ml syringe to achieve a sharp interface between the water and the dyed 
mixture; once this was achieved the inlet valve was also turned off. 
To begin the experiment the saturated model was placed in a horizontal position, and set up to begin the displacement 
experiments. A HPLC (syringe pump) with capacity of 1-litre was used to inject water though the model at the desired flow 
rate. This flow rate was determined by calculation using equation 1, depending upon the viscous-to-gravity ratio that was 
being investigated. Once the injection of water had started both inlet and outlet valves were turned open. During the 
experiments a high-definition camera is used to capture the flow behaviour at regular intervals. The produced fluids are 
weighed, and the volume measured in order to calculate the volume of displaced fluid produced using the method described by 
Bradley et al (1998). 
At the end of each experiment, the model was flushed with plenty of sodium hydroxide solution (5%wt). Once the model 
had been cleaned it was rinsed with plenty of water. To dry the pack, it was mounted vertically on a wooden stand, with the 
outlet ports facing downwards, and was flushed with high pressured air through the top inlet port. After flushing for an hour, 
the outlet port was connected to a vacuum pump for 6hours to ensure that the residual fluids had been removed.   
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Numerical Simulation 
The Eclipse 100, simulation package was used to simulate the miscible displacements. Eclipse 100 uses a fully-implicit, finite 
difference code for solving of the transport equations, which gives a high accuracy and a fast convergence. A 2D and 3D 
model was created to explore the differences in flow behaviour that arise due to the absence/appearance of the third dimension. 
Both models were created using a Cartesian coordinate system. The models were constructed from a grid with dimensions 
equivalent to the experimental model; however the 2D model had a thickness of 0.6cm in the direction perpendicular to flow 
(y-direction). The thickness (0.6cm) of the 2D numerical model was chosen such that the flow was essentially two-
dimensional. Table 4 shows the dimensions used to construct the numerical models.  
 
Table 4: Dimensions of the 2D and 3D numerical models used for the miscible displacement simulations.  
Numerical Model X-Dimension (cm) Y-Dimension (cm) Z-Dimension (cm) 
Two-Dimensional (2D) 30 0.6 6 
Three-Dimensional (3D) 30 6 6 
 
Petro-Physical Data used for the Numerical Model 
The measured petro-physical properties obtained for the physical model were used directly as input into the numerical code. 
Two phases, Water and oil were used in the simulations to represent the water and glycerol-water mixtures respectively. Both 
water and oil were assumed to be incompressible and this is a reasonable assumption at the conditions experienced during 
these simulations. Pseudo relative permeability functions were used to define the relative permeabilities as a function of the 
water saturation for the fluid systems. These pseudo relative permeabilities functions required for miscible analogy are taken 
from Lantz (1970) and are listed below: 
krw = μwSw μ(Sw)⁄ ……………… (3) 
kro = μo(1 − Sw) μ(Sw)⁄ ………..  (4) 
 
where μ(Sw) is the viscosity of the mixture formed, when solvent (water) is mixed with the glycerol-water mixture at a 
particular water saturation. Fig. 3 shows the pseudo relative permeabilities as a function of Sw for the different fluid systems. 
 
Figure 3: Relative permeability functions for different mobility’s required for miscible analogy.  
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Grid Refinement Study  
After a grid refinement study the numerical grid dimensions were selected as 600×1×120 (x, y, z) for the 2D simulations, and 
300×60×60 (x, y, z) for the 3D simulations. The refinement study was done to ensure that the numerical dispersion was 
modelling the physical dispersion most accurately. For the 2D simulations this was done by validating the model by 
comparing them to simulation results obtained by Christie et al. (1990). Four grid dimensions (75×1×15, 150×1×30, 300×1×60 
& 600×1×120) were tested with petro-properties and physical dimensions equal to those found in the Christie et al (1990) 
experiments. Fig. 4 presents the 2D simulation obtained by Christie et al. (1990), for the case where 1cm
3
/minute of water was 
injected and a mobility ratio of 5 was used, the snapshot shows the image taken at 0.1 pore volumes injected (PVI). For the 
same case (1cm
3
/min injection rate and mobility ratio of 5) we ran 2D simulations using four different grid resolutions. A grid 
resolution of 600x1x120 gave the result that was closest to the Christie et al (1990) case (Fig. 5). 
 
 
Figure 4: 2D simulation obtained from Christie et al. (1990), (M=5, Rv/g=0.35, PVI=0.1). 
 
Figure 5: 2D simulations (600×1×120) obtained in this work using Christie’s model properties (M=5, Rv/g=0.35, PVI=0.1). 
A further study was performed for both the 2D and 3D numerical models. Recoveries and water breakthrough times were 
compared against varying grid resolution. Fig. 6 and 7 show the results obtained for the 2D simulations for grid resolutions of 
75×1×15, 150×1×30, 300×1×60 and 600×1×120. For the 3D case results from grid resolutions of 75x15x15, 150x30x30 and 
300×60×60 were compared and are shown in Fig. 8 and 9. During all comparisons of 2D and 3D models a flow rate of 
5cm
3
/min of water was injected into the model and a mobility ratio of 5 was used.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Figure 6: 2D grid resolution comparison study: effect on oil 
recovery. 
Figure 7: 2D grid resolution comparison study: effect on water 
breakthrough. 
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3D Grid Resolution 
Figure 9: 3D grid resolution comparison study: effect on water 
breakthrough. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Development of Fingers  
For the numerical simulations, the initiation of viscous fingers was achieved by introducing small random spatial variations 
in permeability about the mean value (41.8D). This has been the method used in various other studies including those carried 
out by Peaceman et al (1962). These random variations in permeability represent the presence of microscopic permeability 
heterogeneities caused by the random and irregular arrangement of the glass beads, used in the experimental studies. A study 
testing 4 different random permeability distributions (±5%, ±10%, ±15% & ±20%) found that a spatial permeability variance 
of ±10% around the mean value (41.8D) was enough to produce well-define and well-developed viscous fingers. Using a 
permeability distribution of ±5%, saw the production of underdeveloped fingers, merging together or fading away 
 
Fig. 10 shows the effect of random permeability variations on oil recovery and water breakthrough time. Although a greater 
variation in the range of permeability gives rise to better developed and defined viscous fingers, it also has adverse 
consequences on the simulation results, as this adds heterogeneity into the model which is defined as being homogeneous. A 
greater permeability contrast will produce results that are not characteristic of a homogeneous system. As seen in Fig. 10, a 
greater range of permeability distribution causes an earlier water breakthrough. It is for these reasons that permeability 
heterogeneity of ±10% has been chosen as a suitable value, to trigger the formation of fingers without significantly affecting or 
altering the simulation results.   
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Figure 10: Comparisons of the effect of changing permeability distributions on A) the oil recovered after 1PV of water injected, and B) water 
breakthrough time (2D model). 
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Results and Analysis 
2D Simulations  
Impact of Viscous to Gravity Ratio (Rv/g) 
The effect of viscous to gravity ratio on oil recovery by miscible injection is shown in Fig 11. 2D simulations were used to 
compare the oil recovery at different injection flow rates for water displacing glycerol-water mixtures. The simulations were 
repeated at different mobility ratios (5, 10 & 20). The glycerol-water mixture was altered to achieve the desired mobility ratio; 
this was done by varying the amounts of water and glycerol that made up the mixture. Table 3 shows the properties of 
glycerol-water mixtures used. For each mobility ratio there is a transition range, and a very significant increase in oil recovery 
is observed when this transition range is traversed. The results obtained by the 2D simulations were compared to those 
reported by Christie et al (1990), the results are shown in Fig 12. The comparison shows that the same trends obtained by the 
experimental results (Christie Et al) are reproducible, by numerical simulation using Eclipse.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3 Comparison Between 2D and 3D simulations. 
 
 
 
 
 
Impact of Mobility Ratio  
Saturation maps for 0.2 pore volume water injected at different injection flow rates is shown in Fig. 13. At low viscous to 
gravity ratios the flow behaviour is characterized by a prominent gravity tongue, which is the cause of an early water 
breakthrough in gravity dominated flows. Qualitatively, the simulations show clearly the transition from gravity dominated to 
viscous dominated flow behaviour, as the viscous to gravity ratio increases. 
 
Figure 13: 2D model - Simulated concentration maps, showing finger development after 0.2PV of water is injected (M=5). 
An increase in mobility causes an increase in relative finger length, compared to an injection scheme with a lower mobility 
ratio. The effect of increasing mobility ratio on oil recovery is illustrated by saturation maps at 0.2 pore volume water injected 
Fig. 14 and 15. The increase in mobility contrast between the two fluids causes an earlier water breakthrough, as the lower 
viscous fluid creates longer fingers in the mixture.  
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Figure 11: Effect of viscous to gravity ratio on oil recovery, for mobility 
ratios of 5, 10 and 20. 
Figure 12: Comparison of the effect of viscous to gravity ratio on oil 
recovery with data from the literature. 
[Investigations into Line Drive Miscible Displacements for Enhanced Oil Recovery] 9 
 
 
Figure 14: 2D model - Simulated concentration maps, showing finger development after 0.2PV of water is injected (M=10). 
 
Figure 15: 2D model - Simulated concentration maps, showing finger development after 0.2PV of water is injected (M=20). 
3D simulations  
The additional flow dimension experienced in the 3D simulations, change the flow behaviour during the miscible 
displacements. The addition of the extra dimension, perpendicular to bulk flow, favours gravity segregation, causing an earlier 
breakthrough when compared to two-dimensional flow. Fig. 16 shows the oil recovered after 1 pore volume of water injected 
for the two-dimensional and three-dimensional displacement simulations. As can be seen, the three-dimensional simulations 
experience an earlier water breakthrough and consequently a lower oil recovery.  
 
 
Figure 16: Comparison of the effect of viscous to gravity ratio on oil recovery for the 2D and 3D model (M=5). 
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The difference between the oil recovered and breakthrough times for both the 2D and 3D simulations are depicted in Fig. 17 
and 18. As the viscous to gravity ratio increases the predicted values for both models (2D & 3D) get closer as the flow 
behaviour traverses into the viscous dominated regime. However, it is still apparent that for the 3D model, the flow behaviour 
is still in transition. A higher viscous to gravity ratio is required to match  
 
 
Concentration maps at 0.2 pore volume water injected for both the 2D and 3D simulations are shown in Fig. 19 and 20. It is 
clear that at the same viscous to gravity ratio, the 3D displacement, shows a flow behaviour that is still influenced by gravity, 
while the 2D displacement is in the viscous dominated regime.  
 
Figure 19: Concentration map of 3D simulation, at 0.2 PVI and 23.2 Rv/g (M=5). 
 
Figure 20: Concentration map of 2D simulation, at 0.2 PVI and 23.2 Rv/g (M=5). 
Figures 21 and 22 capture the concentration maps of the vertical cross-section (perpendicular to bulk flow) at the producer 
(30cm), for both 2D and 3D displacements. These maps allow us gain an appreciation for the differences in the flow patterns 
formed in both the 2D and 3D displacements. The two-dimensional displacements are restricted in movement, therefore form 
laminar fingers. Whereas, the three-dimensional displacements, form well distinct and random fingers.  
Figure 17: Effect of Rv/g on oil recovery for 2D and 3D models. Figure 18: Effect of Rv/g on water breakthrough for 2D and 3D models. 
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Figure 21: Concentration maps of the vertical cross-sections (perpendicular to bulk flow) at the producer (30cm) for the 3D model. 
 
Figure 22: Concentration maps of the vertical cross-sections (perpendicular to bulk flow) at the producer (30cm) for the 2D model. 
Discussion of Results 
We performed a series of unfavourable mobility (M>1) simulations, of miscible displacements in a homogeneous system. 
The simulations captured the flow behaviour of displacements under a range of viscous-to-gravity ratios. The differences in 
flow behaviour experienced in 2D and 3D models were investigated. Previous miscible displacement concepts, based on 2D 
numerical and experimental results, showed that flow behaviour during adverse mobility (M>1) displacements can be 
classified into flow regimes, based on oil recovery at a particular viscous-to-gravity ratio. In this study, this knowledge was 
taken further and was tested on a 3D model. It was found that similar trends are in fact reproducible for the 3D model (Fig. 
16), with simulations showing increased recovery with increased Rv/g. 
Comparisons between the simulation of 2D and 3D models showed that, recovery was significantly greater for the 2D 
model, at a particular Rv/g. This is because in the 2D model, flow is essentially two-dimensional, meaning that flow is 
restricted in the y-direction, perpendicular to flow. This was achieved by using a model which was sufficiently thin (0.6cm), to 
ensure that fluid could only take place in two dimensions. In the case of the 3D model however, flow was not restricted and 
could travel in the y-direction, as the thickness of the model (6cm) was such that, fluid could flow in all three directions. This 
difference is illustrated by Fig. 21. The addition of the extra flow dimension in the 3D model is the cause for an earlier solvent 
breakthrough (Fig. 18).  This is explained by the nature of flow seen in the 3D displacements (Fig. 21). Fig. 21 shows how 
injected solvent is able to manoeuvre around the displaced fluid more freely in the case of the 3D model. In the 2D model 
however, flow is it is restricted in the transverse (y-direction) and is forced to travel in the longitudinal direction (x-direction). 
This difference in flow behaviour seen in the 3D model favours gravity segregation, as the lighter solvent can travel to the 
surface more easily, by a motion called ‘gravity overturning’. This means that, at a particular viscous-to-gravity ratio, the flow 
behaviour seen in the 3D model is influenced by gravity relatively more so than the 2D model (Fig. 19). These differences 
mean that the dimensionless viscous-to-gravity number used to characterize displacement behaviour should be defined 
separately for 2D and 3D models.  
Flow studies using both 2D and 3D models have shown repeatedly that recovery increases with increasing viscous-to-gravity 
1PVI 0.9PVI 0.8PVI 0.7PVI 
0.3PVI 0.4PVI 0.5PVI 0.6PVI 
0.5PVI 0.6PVI 0.7PVI 0.8PVI 0.9PVI 1PVI 
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ratio. This increase in oil recovery (as Rv/g is increased) is directly associated with the increase in the number of viscous 
fingers propagated. This multiplicity of fingers, allows for a larger volume of reservoir to be swept, increasing the efficiency 
of the injection process. It is for this reason that, for a field scale miscible gas injection project, it is desirable to operate at a 
flow rate which allows for the flow behaviour to be in the viscous dominated regime. As previously mentioned, 2D flow 
models exhibit flow behaviour far different from those seen when the flow model is 3D. It is for this reason that a considerable 
amount of care needs to be taken if correlations obtained from 2D models are used to predict recovery and flow behaviour for 
field scale gas injection projects (3D flow).  
The mobility ratio between displaced fluid and solvent has a big impact on oil recovery. Flow studies performed with a 2D 
model showed that a greater mobility ratio is a cause for an earlier water breakthrough and a lower final recovery. Using three 
different mobility ratios (5, 10 & 20) oil recovery was investigated over a range of Rv/g. For each mobility ratio there was a 
transition zone from gravity to viscous dominated flows (Fig. 11). Studies showed that for an increased mobility ratio, a 
greater flow rate (Rv/g) is required to enter the viscous dominated flow regime.  
A study on grid resolution found that, grid dimensions have a significant impact on the simulation results, especially in the 
case for the 3D numerical model. For the 3D model, a 10% change in recovery was seen based solely on grid resolution. A 
similar study carried out for permeability sensitivity showed similar results.  
 
Conclusions  
During this study, adverse mobility (M>1) ratio displacements have been simulated, in both two-dimensional and three-
dimensional numerical flow models. This work has helped build on the basic understanding of differences in flow behaviour 
exhibited by these models. The conclusions of this study are as follows: 
1. At higher viscous-to-gravity ratios, viscous fingering increases recovery, by improving vertical sweep and 
minimizing the influence of gravity segregation. This was the case for both 2D and 3D models.   
2. At higher mobility ratios, viscous fingering reduces recovery, as relative finger length increases, reducing vertical 
sweep and causing an early solvent breakthrough - This study was carried out only for the 2D model.  
3. Two-dimensional numerical flow models, predict a greater recovery when compared to three-dimensional numerical 
flow models.  
4. For designing of a field-scale miscible gas injection project, previous concepts and correlations, based on 2D 
experimental and numerical results, cannot be used for the accurate prediction of breakthrough time and sweep 
efficiency. 
5. The motion of gravity overturning seen in the 3D models, increase the influence of gravity segregation, leading to an 
earlier solvent breakthrough and lower sweep efficiency, when compared to 2D models.  
6. The dimensionless viscous-to-gravity ratio, can indeed be used to characterize flow behaviour in 3D model, however 
the values on Rv/g for the 2D and 3D models should be treated independently.  
 
Recommendations  
The work presented, provides a basic understanding of the underlying mechanism which differentiates, the flow behaviour in 
two-dimensional and three-dimensional flow models. This work could be improved or expanded upon, by implement these 
additional studies as suggested: 
1. Perform 3D experiments of adverse mobility (M>1) displacements, using the three-dimensional visual model 
designed as a part of this study. 
a. The experiments should be used to validate simulations that were obtained by the 3D numerical model using 
Eclipse 100.  
b. X-ray computed tomography should be used to observe fluid flow in the 3D physical model, to gain a better 
understanding of the flow behaviour during the transition from gravity to viscous dominated flows. 
2. Use simulation software, to compare results obtained by this study using Eclipse 100.  
a. This study was limited to the use of the Eclipse 100 three phase black oil simulator only. To validate the 
results obtained by Eclipse 100, it would be very useful to compare with results produced by other 
simulation software packages.    
b. Eclipse 100, produced unexpected results at high and low values of Rv/g, so the study was limited to a range 
of viscous-to-gravity ratio. Using alternative simulation software to study a greater range of viscous-to-
gravity ratio will improve and develop upon already existing concepts 
 
 
 
 
 
 
 
 
 
[Investigations into Line Drive Miscible Displacements for Enhanced Oil Recovery] 13 
 
Nomenclature 
∆𝜌 = density difference between solvent and mixture [m/L3, kg/m3] 
∆𝜇 = viscosity difference between solvent and mixture [m/Lt, Pa·s] 
𝜇𝑤 = viscosity of solvent (water) [m/Lt, Pa·s] 
𝜇𝑜 = viscosity of mixture [m/Lt, Pa·s] 
𝐾 = absolute permeability [L2, m2] 
𝜙 = porosity [fraction]  
𝑣 = interstitial velocity [L/T, m/s] 
𝑔 = acceleration due to gravity [L/T2, m/s2] 
𝐻 = height of model [L, m] 
𝐿 = length of model [L, m] 
𝑘𝑟𝑤 = relative permeability of water [fraction] 
𝑘𝑟𝑜 = relative permeability of mixture [fraction] 
𝑆𝑤 = water saturation [fraction] 
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Appendix A – Critical Literature Review 
 
Table 5: Milestones in the study of miscible displacements. 
SPE 
  Paper n 
Year Title Author(s) Contribution 
 
   184 
 
1962 
 
“Effect of Lateral Diffusivity on Miscible 
Displacement In Horizontal Reservoirs” 
 
C.van Der Poel  
 
 
Experimental investigation of the mixing 
(transition) zone caused by the miscible 
injection of fluid in a horizontal reservoir 
model 
 
1131-G 
 
1959 
 
“Factors Influencing the Efficiency of Miscible 
Displacement” 
 
 
R.J. Blackwell, J.R.Rayne, 
W.M. Terry 
 
Experimental investigation of factors that 
control the efficiency with which oil is 
displaced from porous media by a miscible 
fluid 
 
1540-G 
 
1960 
  
“The Efficiency of Miscible Displacement as a 
Function of Mobility Ratio”  
 
B.Habermann  
 
Experimental investigation of miscible 
injection in a quarter five spot reservoir model.  
 
 
       
 
       
 
1990 
 
“Comparison Between Laboratory Experiments 
and Detailed Simulations of Unstable Miscible 
Displacement Influenced by Gravity” 
 
 
M.A. Christie, A.D.W.Jones, 
A.H.Muggeridge 
 
Experimental investigations of unstable 
miscible flow in a thin bead-pack were 
compared with high-resolution simulations, so 
that the transition from gravity-dominated to 
viscous-dominated flow can be characterised.  
 
 
 
2011 
 
“ Investigation of Longitudinal and Transverse 
Dispersion in Displacements with a High 
Viscosity and Density Contrast between the 
fluids ” 
 
A.Alkindi, Y.Al-Wahaibi, 
B.Bijeljic, A.Muggeridge 
 
 
First to produce experimental data for 
longitudinal and transverse dispersion 
coefficients in flows with high density 
contrasts and low mobility ratios 
 1987  
“Viscous Fingering in Porous Media” 
 
G.M.Homsy 
 
Investigation of viscous fingering behaviour in 
miscible and immiscible flows 
 
535 
 
1963 
 
“Some Experiments on the Flow of Miscible 
Fluids of Unequal Density Through Porous 
Media” 
 
 
F.E.Crane, H.A.Kendall, 
G.H.F.Gardner 
 
Experimental investigation to examine how the 
transition from gravity-dominated to viscous-
dominated flow occurs when the gravity forces 
are gradually reduced. 
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North Sea Oil and Gas Reservoirs-II. Trondheim: Graham & Trotman, pp. 245-250 (1990) 
 
Comparison between Laboratory Experiments and Detailed Simulations of Unstable Miscible Displacement Influenced by 
Gravity 
 
Authors: Christie, M. A., Jones, A. D. & Muggeridge, A. H. 
 
Contribution to the understanding of miscible displacements 
1. Observed experimentally, the transition from gravity-dominated to viscous-dominated flows as a function of the 
dimensionless viscous-to-gravity number.  
2. Found that numerical simulations correctly predict the transition between gravity-dominated and viscous-dominated 
flow.  
 
Objective of the Paper: 
1. To report a detailed comparison between simulation and experiment for unstable miscible flow in a thin bead-pack. 
 
Methodology used: 
1. Experimental study of miscible displacements performed under a range of rates and density differences. 
2. Used a numerical model to simulate miscible displacements to compare with experimental observations.  
 
Conclusion reached: 
1. At low flow rates, it is observed that displacements favour gravity segregation and a gravity tongue is formed, leading 
to a lower final recovery. 
2. At high flow rates, the flow is influenced by viscous fingering.  
3. The transition from gravity-dominated to viscous-dominated flow as a function of gravity number was accurately 
predicted for the 2D experiment. However, comparison of 2D simulation with 2D and 3D experiments suggests that it 
is important to model the third dimension for accurate predictions of flow behaviour.  
Comments: 
1. This paper uses a 2D experimental model to capture the transition between gravity-dominated and viscous-dominated 
flows, and showed that simulations could be used to accurately predict the exhibited behaviour.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Investigations into Line Drive Miscible Displacements for Enhanced Oil Recovery] 16 
 
SPE 39624 (1998) 
 
Experimental Investigation of Scaling Factors that Describe Miscible Floods in Layered Systems 
 
Authors: Peters , B. M., Zhou, D. & Blunt, M. J. 
 
Contribution to the understanding of miscible displacements 
1. Investigated the two forms of the gravity number (Ng and Ng*) to assess their capabilities in predicting recovery for 
different values of L/H.  
 
Ng =
∆ρgHKH
qLμd
 
 
Ng∗ =
∆ρgLKv
qHμd
 
 
Objective of the Paper: 
1. To determine which dimensionless gravity number (Ng or Ng*) better describes recovery for miscible displacements.  
 
Methodology used: 
1. Performed miscible displacement experiments in two models with different L/H. 
2. The experiments were performed in a layered porous medium at favourable and unfavourable mobility ratios.  
 
Conclusion reached: 
1. For favourable mobility ratio (M<1) experiments, the gravity number Ng best modelled production behaviour. 
2. For unfavourable mobility ratio (M>1) experiments, the gravity number Ng* best modelled production behaviour. 
Comments: 
1. For unfavourable mobility displacements, the gravity number increases as the length of the model increases.  
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SPE 18096 (1988) 
 
Computed Tomography Studies of 3-D Miscible Displacement Behavior in a Laboratory Five-Spot Model 
 
Authors: Withjack, E. M. & Akervoll. 
 
Contribution to the understanding of miscible displacements 
1. Observed flow behaviour of miscible displacements in a 3D experimental model. 
2. Proved that flow behaviour exhibited by 3D miscible displacements are different to those observed in 2D models.  
 
Objective of the Paper: 
1. To investigate flow behaviour of miscible displacements in a three-dimensional five-spot model, using a CT scanner 
for visualisation. 
 
Methodology used: 
1. Miscible Displacement experiments performed on a 3D five-spot model.  
2. 3D images of flow were captured during the experiments using a CT scanner, to provide detail of flow behaviour in 
three dimensions.  
 
Conclusion reached: 
1. At higher viscous-to-gravity and mobility ratios, flow behaviour is dominated by viscous fingering, increasing 
vertical sweep and oil recovery. 
2. At lower viscous-to-gravity ratios, the flow is gravity-dominated which encourages early solvent breakthrough 
3. Previous five-spot correlations based on 2D experiments overestimate recovery for the 3D model.   
Comments: 
1. This paper is the first to investigate miscible displacements in a 3D five-spot model. The paper demonstrates the 
importance of using 3D models to predict flow behaviour during miscible displacements.  
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SPE 184 (1962) 
 
Effect of Lateral Diffusivity on Miscible Displacement In Horizontal Reservoirs 
 
Authors: van der Poel, C. 
 
Contribution to the understanding of miscible displacements 
1. Characterised flow behaviour during miscible displacements as being a transition from gravity-dominated to viscous-
dominated as a function of injection flow rate. 
 
Objective of the Paper: 
1. To observe flow behaviour during miscible displacements under a range of conditions.  
 
Methodology used: 
1. A 3D bead-pack was used to perform a series of miscible displacement experiments. 
2. The effect of injection flow rate on recovery was investigated. 
 
Conclusion reached: 
1. Flow is gravity-dominated at low injection flow rates, which is the cause of an earlier solvent breakthrough and lower 
final recovery. 
2. A higher flow rate favours viscous fingering, which increases oil recovery by improving vertical sweep efficiency. 
Comments: 
1. This paper is the first to use a 3D experimental model to observe flow behaviour during miscible displacements. 
When compared to results obtained by Christie et al (1990), it is evident that the 3D model reaches the viscous-
dominated regime at much higher flow rates, which proves that 3D flow favours gravity segregation.  
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Appendix B – Detailed Experimental Procedure 
 
Preparation 
1. Place the bead-pack vertically on the wooden stool, with the producer side facing downwards.  
2. Connect the CO2 outlet valve, to the producing side of the model.  
3. Turn on the CO2 valve, to inject CO2 at a pressure of approximately 15,000 Pa. CO2 should be injected into the model 
for at least 15 minutes. 
4. Prepare the glycerol-water mixture with the desired mobility ratio using Cheng’s (2008) correlation.  
5. Dye the glycerol-water mixture using Lissamine green (0.03g/400cm3). 
6. Connect the dual-head peristaltic pump to the producing side of the Perspex box. 
7. Inject the glycerol-water mixture into the bead-pack using the dual-head peristaltic pump. Inject the mixture at a flow 
rate of 1cm
3
/min. 
8. Close the pump to stop injecting the mixture once the dyed fluid has visible reached the end on the model (mesh). 
9. Turn off the producer valve. 
10. Using a 10ml syringe, inject water through the inlet of the model. Do this slowly until a sharp interface has developed 
between the water and the dyed mixture. Be careful, to avoid any air bubbles from forming. If needed jolt the model 
with a rubber mallet, while injecting the water to allow any air bubbles to escape.  
11. Once the water has been injected, turn off the inlet valve.  
12. With both injector and producer valves turned off, place the model on the table in a horizontal orientation.  
13. Connect the outlet to the disposal hose, and connect the injector side tubing to the HPLC (Syringe) pump.  
14. Set up the HPLC pump with the desired settings, for flow rate and pressure.  
Experiment 
15. Once ready, switch on the HPLC pump at the desired flow rate (or pressure), and immediately turn on the inlet and 
outlet valves connected to the model. 
Cleaning 
16. Once the experiment has finished, switch of the HPLC pump and recharge it with sodium hydroxide solution (5%wt). 
17. Inject the sodium hydroxide solution into the model at a flow rate of 100cm3/min. Approximately 5 litres of sodium 
hydroxide solution should be injected for thorough cleaning. 
18. Recharge the HPLC pump with water, and inject the water into the model at a flow rate of 100cm3/min. 
Approximately 5 litres of water should be used to rinse the Perspex box.  
19. Once the model has been rinsed, remove all tubing connected to the model and flush out the water in the bead-pack 
by holding it vertically into a sink (or bucket).  
Drying 
20. After flushing the model, place it vertically on the wooden stand with the producer side facing downwards.  
21. Connect the CO2 outlet to the injector side of the model.  
22. Turn on the CO2 valve, to inject CO2 at a pressure of approximately 15,000 Pa. CO2 should be injected into the model 
for at least 1 hour. 
23. Detach the CO2 tubing from the model and connect the vacuum pump to the outlet of the bead-pack.  
24. Switch on the vacuum pump and allow for it to operate for at least 12 hours.  
25. Remove the vacuum pump tubing from the model, and the model is ready to be used again.  
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Appendix C – Numerical Code 
 
Example numerical code for 2D model. Mobility ratio = 10, solvent injection flowrate = 5cm
3
/min 
 
RUNSPEC       
 
TITLE 
 '600X1X120MR10 T20 F5CM3/MIN' 
 
DIMENS 
 600 1 120 / 
 
OIL 
 
WATER 
 
LAB 
 
WELLDIMS 
 5000 240 2 2500 / 
  
START 
 1 JAN 2014 00:00:00 / 
  
NSTACK 
 100 / 
 
DEBUG 
15* -1 / 
 
NINEPOIN 
 
MESSAGES 
 9* 100000 / 
/ 
 
GRID      
 
RPTGRID 
 
TRANX ALLNNC / 
 
GRIDFILE 
 0 1 / 
 
INIT 
 
NOECHO 
 
DXV 
 600*0.05 / 
DYV 
 1*0.6 / 
DZ 
 72000*0.05 /  
 
TOPS 
 600*0 / 
 
PORO 
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 72000*0.378 / 
  
INCLUDE 
 'Includes/Perm/PERM600X1X120.INC' / 
EDIT      
 
PROPS       
 
ROCK 
 1 / 
  
INCLUDE 
 'Includes/Mobility/MOBILITY10.INC' / 
 
REGIONS       
 
SOLUTION      
 
EQUIL 
0 1 0 0 / 
 
RPTSOL 
 'RESTART=2' / 
/ 
 
SUMMARY      
 
EXCEL 
 
RUNSUM 
 
FOPR 
/ 
FOPT 
/ 
FWPR 
/ 
FWPT 
/ 
FWCT 
/ 
FWIR 
/ 
FWIT 
/ 
FOIP 
/ 
FPR 
/ 
BSWAT 
/ 
BSOIL 
/ 
 
SCHEDULE   
 
RPTSCHED 
 'RESTART=2' 'NEWTON=1' / 
 
INCLUDE 
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 'Includes/Wells/WELLS600X1X120.INC' / 
 
INCLUDE 
 'Includes/Compdat/COMPDAT600X1X120.INC' / 
INCLUDE 
 'Includes/Injection/INJECTION2.05CCM600X1X120.INC' / 
  
INCLUDE 
 'Includes/Production/PRODUCTION600X1X120.INC' / 
 
NUPCOL 
10 / 
/ 
 
TUNING 
0.00011 0.00011 0.0000027777777777 0.0000027777777777 / 
0.1 0.0001 0.00000001 0.00001 10 0.001 0.0000001 0.0001 / 
20 1 100 1 30 8 /      
 
DATES 
1 JAN 2014 00:00:05 / 
1 JAN 2014 00:00:10 / 
1 JAN 2014 00:00:15 / 
1 JAN 2014 00:00:20 / 
1 JAN 2014 00:00:24 / 
1 JAN 2014 00:00:29 / 
1 JAN 2014 00:00:34 / 
1 JAN 2014 00:00:39 / 
1 JAN 2014 00:00:44 / 
1 JAN 2014 00:00:49 / 
1 JAN 2014 00:00:54 / 
1 JAN 2014 00:00:59 / 
1 JAN 2014 00:01:04 / 
1 JAN 2014 00:01:09 / 
1 JAN 2014 00:01:13 / 
1 JAN 2014 00:01:18 / 
1 JAN 2014 00:01:23 / 
1 JAN 2014 00:01:28 / 
1 JAN 2014 00:01:33 / 
1 JAN 2014 00:01:38 / 
1 JAN 2014 00:01:43 / 
1 JAN 2014 00:01:48 / 
1 JAN 2014 00:01:53 / 
1 JAN 2014 00:01:58 / 
1 JAN 2014 00:02:02 / 
1 JAN 2014 00:02:07 / 
1 JAN 2014 00:02:12 / 
1 JAN 2014 00:02:17 / 
1 JAN 2014 00:02:22 / 
1 JAN 2014 00:02:27 / 
1 JAN 2014 00:02:32 / 
1 JAN 2014 00:02:37 / 
1 JAN 2014 00:02:42 / 
1 JAN 2014 00:02:47 / 
1 JAN 2014 00:02:51 / 
1 JAN 2014 00:02:56 / 
1 JAN 2014 00:03:01 / 
1 JAN 2014 00:03:06 / 
1 JAN 2014 00:03:11 / 
1 JAN 2014 00:03:16 / 
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1 JAN 2014 00:03:21 / 
1 JAN 2014 00:03:26 / 
1 JAN 2014 00:03:31 / 
1 JAN 2014 00:03:36 / 
1 JAN 2014 00:03:40 / 
1 JAN 2014 00:03:45 / 
1 JAN 2014 00:03:50 / 
1 JAN 2014 00:03:55 / 
1 JAN 2014 00:04:00 / 
1 JAN 2014 00:04:05 / 
1 JAN 2014 00:04:10 / 
1 JAN 2014 00:04:15 / 
1 JAN 2014 00:04:20 / 
1 JAN 2014 00:04:25 / 
1 JAN 2014 00:04:29 / 
1 JAN 2014 00:04:34 / 
1 JAN 2014 00:04:39 / 
1 JAN 2014 00:04:44 / 
1 JAN 2014 00:04:49 / 
1 JAN 2014 00:04:54 / 
1 JAN 2014 00:04:59 / 
1 JAN 2014 00:05:04 / 
1 JAN 2014 00:05:09 / 
1 JAN 2014 00:05:14 / 
1 JAN 2014 00:05:18 / 
1 JAN 2014 00:05:23 / 
1 JAN 2014 00:05:28 / 
1 JAN 2014 00:05:33 / 
1 JAN 2014 00:05:38 / 
1 JAN 2014 00:05:43 / 
1 JAN 2014 00:05:48 / 
1 JAN 2014 00:05:53 / 
1 JAN 2014 00:05:58 / 
1 JAN 2014 00:06:03 / 
1 JAN 2014 00:06:07 / 
1 JAN 2014 00:06:12 / 
1 JAN 2014 00:06:17 / 
1 JAN 2014 00:06:22 / 
1 JAN 2014 00:06:27 / 
1 JAN 2014 00:06:32 / 
1 JAN 2014 00:06:37 / 
1 JAN 2014 00:06:42 / 
1 JAN 2014 00:06:47 / 
1 JAN 2014 00:06:52 / 
1 JAN 2014 00:06:56 / 
1 JAN 2014 00:07:01 / 
1 JAN 2014 00:07:06 / 
1 JAN 2014 00:07:11 / 
1 JAN 2014 00:07:16 / 
1 JAN 2014 00:07:21 / 
1 JAN 2014 00:07:26 / 
1 JAN 2014 00:07:31 / 
1 JAN 2014 00:07:36 / 
1 JAN 2014 00:07:40 / 
1 JAN 2014 00:07:45 / 
1 JAN 2014 00:07:50 / 
1 JAN 2014 00:07:55 / 
1 JAN 2014 00:08:00 / 
/  
END     
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